ZnO has been widely investigated for potential applications in electronics and optoelectronics including transistors, photodetectors, gas sensors, strain sensors, dye-sensitized solar cells, and resistive random access memory (RRAM)[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9]. Among these devices, gas sensors and photodetectors have achieved the outstanding sensitivity significantly benefited from the surface band bending due to the chemisorbed O~2~ molecules, which is around 1.53 eV[@b10]. However, this surface effect is detrimental to some device applications, such as thin film transistors and RRAM because of surface effect-induced electrical instability[@b11][@b12].

The ZnO-based RRAM has attracted a great deal of attention due to its superior RRAM characteristics[@b13][@b14][@b15]. The resistive switching mechanism is associated with the formation/rupture of defects-based conductive nanofilaments near the interface between oxide and electrodes, which is enormously influenced by the chemisorbed O~2~ molecules at the surfaces[@b5][@b12]. This leads to the fact that the resistive switching performances of oxide memory devices become sensitive to the ambiences, including switching yield and resistance value fluctuation[@b12]. Very recently Yang *et al.* reported that although the surface effect is a great calamity for RRAM, it can be suppressed by introducing graphene electrodes as a passivation layer *via* eliminating the detrimental effect of the chemisorbed O~2~ molecules[@b5].

Harsh electronics as an emerging field is aiming to promote device capability and applicability in harsh environments. Related applications, including oil, gas, geothermal, aircraft/automotive engines, aerospace/military, and industrial uses, require devices to be operated in extremes of radiation, pressure, temperature, shock, and chemically corrosive liquids/gases environments[@b16][@b17]. For providing long-term reliability, sealed packaging is often applied to devices to deal with harsh conditions. Another way is to find/fabricate/modify the material as inert as possible in order to extend device lifetime. It has been reported that ZnO exhibits excellent irradiation resistance[@b18][@b19]. However, ZnO is extremely sensitive to corrosive atmospheric exposure and surface contamination associated with corrosion attack, limiting its practical use. For example, ZnO is chemically unstable in acetic conditions[@b20][@b21][@b22]. The formic acid molecules can weaken the Zn--O bonds, leading to Zn atom dissolution processes, which spreads throughout the material until the device failure occurs. Therefore, even though ZnO-based electronic and optoelectronic devices exhibit fascinating performances, severe surface effect and chemically instability would hinder ZnO-based electronic/optoelectronic device development. The ability for the devices to operate in various ambiences, including chemically harsh conditions, with long-term durability and reliability will play an important role in the successful emergence of resistive memory based on ZnO.

In this study, the surface/interface midification by CF~4~ plasma treatment improves the resistive switching characteristics of the ZnO thin films. The statistical analysis including cycle-to-cycle and device-to-device tests over 120 cells shows that the fluorine incorporation into ZnO surfaces can effectively suppress the surface effect. This treatment not only prolongs the device endurance, but also stabilize the switching parameters, including set voltage (*V*~set~), reset voltage (*V*~reset~) and reset current. Moreover, the surface modification with fluorine allows the ZnO RRAM to withstand severe corrosive conditions. Improved RRAM characteristics, high inertness to surface effect, and high durability in acetic environment are due to surface passivation (saturating the dangling bonds and diminishing the oxygen vacancies) and strong Zn-F bonding (preventing the Zn atoms from dissolution) *via* the fluorine incorporation. To the best of our knowledge, no such beneficial functionalization has been reported for memory devices. It will be particularly useful to understand and develop surface modification for achieving desired device functions in extremely harsh applications.

Results
=======

Fluorine dopants in the ZnO films
---------------------------------

The chemical composition of the ZnO thin films with and without CF~4~ plasma treatment was characterized by the X-ray photoelectron spectroscopy (XPS), as shown in [Fig. 1 (a)](#f1){ref-type="fig"}. Comparing to the pristine ZnO, the fluorinated ZnO thin films *via* CF~4~ plasma treatment has a feature peak at 684.3 eV (F 1s peak), which is related to the F-Zn bond[@b23]. The F-Zn bond indicates the replacement of F for O after fluorination treatment, which changes the surface chemical composition of ZnO and thus is expected to modify the surface effect on the resistive switching behavior, which will be discussed later. [Fig. 1 (b)](#f1){ref-type="fig"} shows the dependence of the CF~4~ plasma treatment time on the fluorine content at the ZnO surface (characterized by XPS) and the resistance of ZnO thin films (measured at 0.1 V). As the fluorination time increases, the surface fluorine content increases. The ZnO thin film reaches a maximum fluorine content of 19.7 atomic% (at.%) at the ZnO surface after 10-min CF~4~ plasma treatment. In the case of 20-min and 30-min plasma treatment, there is no further increase in the fluorine content.

One can see that the resistance decreases progressively with fluorination time. It has been reported that the fluorine in ZnO acts as effective dopants and surface passivation agents, decreasing the resistance due to the increase in carrier concentration and mobility and the elimination of surface effect[@b23][@b24]. Many surface defects including oxygen vacancies and dangling bonds can trap oxygen molecules to form chemisorbed , which builds a high potential barrier on the surface[@b10][@b12][@b25]. Fluorine surface passivation for ZnO RRAM can remove the dangling bonds and diminish the oxygen vacancies by fluorine ions occupying at oxygen sites, preventing oxygen adsorption, eliminating the surface effect, and thus decreasing the resistance[@b23][@b24]. As shown in [Fig. 1 (b)](#f1){ref-type="fig"}, though the fluorine content was saturated after \>10 min fluorination treatment, the resistance was still decreased due to the thinning of ZnO thickness *via* the ion etching of CF~4~ plasma (see [Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). As the fluorination time was increased from 0 to 30 min, the thickness was reduced from 100 nm to 85 nm, as shown in (see [Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). This leads to the fact that the surface also would become more damaged as the plasma treatment time is increased. The ZnO thin films with 10-min plasma treatments exhibit sufficient fluorine doping and is expected to suffer from less damage (as compared to the films with longer plasma treatment times). In contrast, the ZnO films with more-than-10-min plasma treatments greatly suffer from plasma-induced damages and thus deteriorate RRAM characteristics (not shown). Accordingly, the ZnO with 10-min plasma treatment is chosen to conduct the following RRAM characterizations and denoted as F-modified ZnO hereinafter. Note that the fluorine incorporation only occurs at the surface (within 10 nm), which has been characterized by the XPS depth profile (see [Supplementary Fig. S3](#s1){ref-type="supplementary-material"}).

Resistive switching characteristics
-----------------------------------

[Fig. 2 (a)](#f2){ref-type="fig"} shows *I*-*V* switching characteristics of pristine ZnO and F-modified ZnO devices. The forming process is necessary to initiate the switching behavior of the Pt/ZnO/Pt structure with a current compliance (*I*~comp~). During the forming process, the initial resistance state is switched into the low resistance state (LRS). The forming voltage of the derived Pt/ZnO/Pt structure is approximate 3.5 V (see [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}). By applying small positive voltage without a *I*~comp~, an abrupt drop of current occurs at the reset voltage (*V*~reset~) and the LRS switches to the high resistance state (HRS). As sweeping to the positive bias again, the current increases suddenly at the set voltage (*V*~set~); meanwhile, the resistance state is switched back to the LRS. In the set process, we applied the *I*~comp~ with 10 mA for both of pristine ZnO and F-modified ZnO to protect the devices from the permanent breakdown. Obviously, both of the ZnO devices show similar unipolar switching behavior, in which the larger positive bias induces the LRS and the smaller one sets the state to HRS. Though both of the ZnO thin films perform similar resistive switching behavior, the reset current for F-modified ZnO is lower than that for pristine ZnO, indicating the F-modified ZnO exhibits lower power consumption than pristine ZnO during memristive switching. The results are correspondent with the previous report that oxygen vacancies can be created by fluorine doping techniques in photocatalytic technology[@b26]. By introducing more dopants, more oxygen vacancies are generated, and low-powered operation switching conditions of RRAM devices can thus be expected[@b27].

In addition, the coexistence of bipolar and unipolar switching in resistive memory devices has been discussed extensively. The probabilities of switching yield of different operation modes are shown (see [Supplementary Fig. S5](#s1){ref-type="supplementary-material"}). In comparison with the unipolar operation, the bipolar operation cannot reveal stable switching behaviors on both pristine (ZnO) and fluorinated device (F-modified ZnO). One can see that within the fixed number of devices which are chosen randomly, unipolar switching is much more preferred because of comparatively high yield.

[Fig. 2 (b)](#f2){ref-type="fig"} presents the endurance characteristics of pristine ZnO and F-modified ZnO devices. Note that the resistance of HRS and LRS was read out at 0.1 V. Clearly, during 120 switching cycles the HRS of the pristine ZnO device shows considerable fluctuation whereas the F-modified ZnO device performs more stable resistance values in the HRS. To illustrate the superior stability of the F-modified ZnO, we plotted the cumulative probability distribution of HRS and LRS, as shown in [Fig. 2 (c)](#f2){ref-type="fig"}. Both devices show concentrative distribution of LRS, while the cumulative probability of HRS between two devices exhibits a clear distinction. With the CF~4~ plasma treatment, the coefficient of variation (COV, standard deviation divided by mean) of HRS of ZnO was greatly reduced from 77% to 38%, as shown in ([Table 1](#t1){ref-type="table"}). Consequently, in contrast to the wide dispersion of the HRS of the pristine ZnO devices, the F-modified ZnO ones sustain the memory window for almost 10^2^. Moreover, the distributions of *V*~set~, *V*~reset~, and reset current of both devices are given in [Figs. 2 (d)--(e)](#f2){ref-type="fig"}. After the fluorination treatment, the COVs of *V*~set~, *V*~reset~ and reset current can be improved from 13% to 5%, 12% to 9%, and 24% to 12%, respectively ([Table 1](#t1){ref-type="table"}). Briefly, the excellent resistive switching uniformity is achieved by incorporating fluorine into ZnO, which is desperately required for practical resistive memory uses. Note that the better distribution of reset current prevents the device from extremely large current deviation, reducing the excessive power consumption during resistive switching[@b28]. The data retention test at 85°C is displayed in [Fig. 2 (f)](#f2){ref-type="fig"}. The HRS and the LRS in pristine ZnO and F-modified ZnO devices remain stable for 30000 sec. The F-modified ZnO device exhibits a larger memory window (*i.e.*, HRS/LRS resistance ratio), indicating its splendid data retention capability. In short, the undesired switching parameter fluctuation is largely reduced due to the suppression of chemisorption at ZnO surfaces *via* fluorine passivation, indicating significant advantages of surface modification for use in the improvement of oxide RRAM characteristics. The relevant physical mechanism will be discussed later.

Oxygen chemisorption
--------------------

It has been known that the chemisorption at metal oxide surfaces can play an important role in tuning the electrical properties of metal oxide-based devices[@b5][@b10][@b12][@b29][@b30]. The O~2~ molecules are adsorbed at the defective areas of metal oxide surfaces, serving as the traps for charge carriers to form chemisorbed and increase the surface potential. As a result, the conductivity of metal oxide surfaces is reduced, and this effect becomes even more pronounced as the oxygen partial pressure increases[@b10][@b25]. To investigate the importance of surface modification by fluorination, the resistance in HRS and LRS of pristine and F-modified ZnO devices were measured under different concentrations of . Experiments were done by varying atmosphere conditions (vacuum, N~2~, air, and O~2~), as shown in [Figs. 3 (a)--(b)](#f3){ref-type="fig"}. In the four atmosphere conditions, the concentration of chemisorbed at ZnO surfaces at room temperature is vacuum \< N~2~ \< air \< O~2~. For pristine ZnO, as the oxygen partial pressure rises, more molecules are chemisorbed at the ZnO surface. Meanwhile, the HRS distributes in a higher and wider range, *i.e.*, increased mean values and fluctuation of HRS, as shown in [Fig. 3 (a)](#f3){ref-type="fig"}. By fluorinating the ZnO thin film, the undesired resistance fluctuation of the HRS is significantly reduced and the average HRS shows little dependence on the environmental atmosphere, as shown in [Fig. 3 (b)](#f3){ref-type="fig"}. This phenomenon could be ascribed to occurrence and elimination of surface effect caused by chemisorption and fluorine incorporation, respectively. For the pristine ZnO devices, the O~2~ molecules adsorb at surface defects, such as oxygen vacancies and dangling bonds, and capture electrons to reduce the conductivity near the surface, resulting in the surface band bending effect. Consequently, the pronounced surface band bending effect increases the HRS resistance value of pristine ZnO memory, which would be aggravated by increasing concentration. After the fluorination of the ZnO thin film, the fluorine atoms could partially passivate the dangling bonds and replace the oxygen sites (forming the F-Zn bond). Hence, the surface effect on RRAM switching behaviors can be eliminated by suppressing the chemisorption *via* fluorine incorporation. As a result, HRS of the F-modified ZnO thin films becomes insensitive to the ambience, revealing favorable advantage for practical applications in memory devices. While for the LRS, no apparent variation in LRS is observed under different oxygen partial pressures because the metallic conductive nanofilaments in ZnO thin films dominate the transport behavior, causing the immunity for LRS against the surface effect.

Acidic corrosion
----------------

The atmospheric corrosion due to Zn dissolution is an extremely significant issue that needs to be addressed for the application in harsh electronics[@b20][@b21][@b31]. Here chemical resistance of ZnO memory devices was examined with the acid vapor treatment. The resistance in HRS and LRS of pristine ZnO and F-modified ZnO devices were measured before and after the acid treatment, as shown in [Figs. 4 (a)--(b)](#f4){ref-type="fig"}. When exposed to the acid vapor (formic acid), the memory window of pristine ZnO shows gradual degradation with time, and all pristine ZnO devices would fail after 5-hour corrosion, as shown in [Fig. 4 (a)](#f4){ref-type="fig"}. The result can be attributed to the formic acid molecules adsorption that causes the dissociation of ZnO near the surface, which could gradually decrease the HRS resistance value with exposure time. By fluorinating ZnO, the corrosion could be notably suppressed and the HRS resistance value exhibits little dependence on the acid vapor exposure, as shown in [Fig. 4 (b)](#f4){ref-type="fig"}. The Zn dissolution from the surface can be restrained by doping fluorine into ZnO surfaces. Since the Zn-F bond is stronger than the Zn-O bond due to the higher electronegativity of fluorine atom[@b32], the unwanted atmospheric corrosion can be suppressed.

Distributions of operation voltages including *V*~set~, *V*~reset~, and forming voltage were also measured with acid vapor treatments (see [supplementary Fig. S6 and Fig. S7](#s1){ref-type="supplementary-material"}). Accordingly, the operation voltages shown little dependence on the acid vapor treatment can be observed for the F-modified ZnO RRAM device in comparison with the pristine ZnO device. Moreover, the durability limit of the F-modified ZnO RRAM device under acid vapor treatment is evaluated (see [supplementary Fig. S8](#s1){ref-type="supplementary-material"}), the F-modified ZnO RRAM device exhibits gradual degradation on memory window through 10-hour acid vapor treatment. As can be seen, in addition to the successful elimination of surface effect, the F-modified ZnO memory performs excellent acid durability, indicating its admirable advantage for memristor applications in harsh electronics.

Discussion
==========

In summary, the superior performance uniformity, and the high resistance to surface effect and corrosive environment of oxide memory devices are obtained *via* fluorine surface passivation (saturating the dangling bonds and diminishing the oxygen vacancies) and strong Zn-F bonding (preventing the Zn atoms from dissolution). High-performance oxide memory devices with immunity to surface effect and high chemical tolerance demonstrated here pave the way to harsh electronics.

Methods
=======

Thin film growth and device characterization
--------------------------------------------

100-nm-thick ZnO thin films were deposited by sputtering on Pt/Ti/SiO~2~/Si substrates with a pure ZnO (99.9% pure) target in an oxygen and argon mixture ambience at room temperature. The ratio of oxygen to argon ambient flow rate is 5:1. Subsequently, the ZnO film was put into plasma system to be fluorinated by the CF~4~ plasma with 30 W. Electron-beam evaporation were used to deposit Pt top electrodes on ZnO-based thin films with 100 nm in thickness and 100 μm in diameter patterned by a metal shadow mask. The chemical composition of the ZnO films with and without CF~4~ plasma treatment was investigated by XPS technique. The *I*-*V* characteristics were measured using a Keithley 4200 semiconductor parameter analyzer. During the measurement in voltage sweeping mode, the bias is defined as positive when the current flowed from top to bottom electrodes, and the negative bias is defined by the opposite direction. For box and whisker plots, the bottom and the top of the box are the 25th and the 75th percentile, the line near the middle of the box is the 50th percentile, and the ends of the whiskers represent the 10th percentile and the 90th percentile.
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![(a) CF4 plasma treatment-dependent XPS spectra of F 1s for the ZnO films. (b) The dependence of the fluorination time on the F content at ZnO surfaces and the resistance of CF4 plasma-treated ZnO films.](srep04402-f1){#f1}

![(a) Typical unipolar resistive switching characteristics of the pristine ZnO and F-modified ZnO devices. (b) Endurance measurement of the pristine ZnO and F-modified ZnO devices for continuous 120 cycles at room temperature. The distributions of (c) HRS and LRS (d) *V*~set~ and *V*~reset~ (e) reset current of the pristine ZnO and F-modified ZnO devices. (f) Retention of the pristine ZnO and F-modified ZnO devices at 85°C.](srep04402-f2){#f2}

![Box and whisker plots for the atmosphere-dependent resistance in HRS and LRS of (a) pristine ZnO. (b) F-modified ZnO devices. The ambience of vacuum, nitrogen, air, and oxygen are denoted as Vac., N2, Air, and O2, respectively.](srep04402-f3){#f3}

![Box and whisker plots for the resistance in HRS and LRS of (a) pristine ZnO. (b) F-modified ZnO devices with the acid vapor treatment.](srep04402-f4){#f4}

###### Statistics of switching parameters of the ZnO thin films. μ and COV are average value and coefficient of variation, respectively

  Sample              HRS (Ω)      LRS (Ω)    *V*~set~ (V)   *V*~reset~ (V)   *I*~reset~ (mA)
  ---------------- ------------- ----------- -------------- ---------------- -----------------
  ZnO               μ = 4260.91   μ = 33.68     μ = 1.28        μ = 0.56         μ = 14.14
                     COV = 77%    COV = 9%     COV = 13%       COV = 12%         COV = 24%
  F-modified ZnO    μ = 6736.97   μ = 37.41     μ = 1.56        μ = 0.76         μ = 12.66
                     COV = 38%    COV = 5%      COV = 5%        COV = 9%         COV = 12%
